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RNA‐binding proteins (RBPs) are ubiquitous cellular factors associated with virtually all cellular RNAs through every stage of their lifecycle. RBPs can alter splicing, processing, localization, stability, translation and functioning of the bound RNAs, and therefore are involved in the regulation of gene expression at multiple levels.[1](#cbic201900559-bib-0001){ref-type="ref"} Reliable mapping of RBP‐RNA interactions from both a RNA‐centric and a protein‐centric perspective has been a long‐standing challenge in RNA biology.[2](#cbic201900559-bib-0002){ref-type="ref"} A set of analytical biochemical techniques has been developed to address this problem.[3](#cbic201900559-bib-0003){ref-type="ref"} Among them, the RNA interactome capture (RIC) technique has served to reveal interactions between polyadenylated RNAs and proteins at the whole‐proteome level,[4](#cbic201900559-bib-0004){ref-type="ref"} whereas a family of crosslinking immunoprecipitation (CLIP) methods has been developed to identify RNA targets of a selected RBP of interest.[5](#cbic201900559-bib-0005){ref-type="ref"} The key experimental step shared by both techniques is ultraviolet crosslinking (UV crosslinking) of RBPs to the RNAs they directly interact with. The excitation of the RNA nucleobases with 254 nm UV light generates reactive intermediates and stochastically creates new covalent bonds with amino acid residues of the bound RBPs.[6](#cbic201900559-bib-0006){ref-type="ref"} Therefore, UV crosslinking stalls interaction dynamics and covalently links the interacting partners together in a way that withstands stringent denaturing downstream enrichment and analysis steps. The introduction of UV crosslinking has revolutionized the field and boosted high‐throughput studies of RPBs and RNA‐protein interactions.[3b](#cbic201900559-bib-0003b){ref-type="ref"}, [7](#cbic201900559-bib-0007){ref-type="ref"} At the same time, conventional UV crosslinking possesses a range of intrinsic drawbacks which limit the performance of the experimental procedures.[7](#cbic201900559-bib-0007){ref-type="ref"} For instance, the chemical yield of the photo‐crosslinking step is typically very low (\<1 %). Also, 254 nm UV light produces undesirable intra‐ and interstrand RNA‐RNA crosslinks and phosphodiester backbone breaks.[8](#cbic201900559-bib-0008){ref-type="ref"} Moreover, 254 nm UV crosslinking has an inherent bias coming from the unequal photochemical reactivity of different nucleobases toward different amino acid side chains and also from different reactivity of structured and unstructured stretches of RNA.[6](#cbic201900559-bib-0006){ref-type="ref"}, [7](#cbic201900559-bib-0007){ref-type="ref"} The mentioned factors complicate both the processing of crosslinked samples and interpretation of the results. A number of techniques have been introduced to address these drawbacks by increasing the photoreactivity of RNAs. For instance, photoactivatable ribonucleoside‐enhanced crosslinking (PAR‐CL) is based on the labeling of cellular RNAs with photoreactive thionucleosides such as 4‐thiouridine (4SU).[9](#cbic201900559-bib-0009){ref-type="ref"} In addition to that, a range of synthetic nucleoside analogues bearing artificial photoreactive crosslinkers has been proposed for the enhanced crosslinking of RNAs with their interactors.[10](#cbic201900559-bib-0010){ref-type="ref"} At the same time, new ways to improve the photoreactivity of RBPs themselves are still needed.

Genetic code expansion techniques,[11](#cbic201900559-bib-0011){ref-type="ref"} such as the amber stop codon suppression, have enabled programmable site‐selective co‐translational labeling of proteins with a wide range of unnatural amino acids (uAAs) bearing chemically diverse side chains.[12](#cbic201900559-bib-0012){ref-type="ref"} Unnatural amino acids featuring photoreactive side chains have gained popularity as tools for efficient covalent capturing of biomolecular interactions in the fields of chemical proteomics and interactomics.[13](#cbic201900559-bib-0013){ref-type="ref"} It is worth noting, that in the vast majority of the reports, the focus had been set on applying genetically encoded photoactive unnatural amino acids for capturing protein‐peptide and protein‐protein interactions.[14](#cbic201900559-bib-0014){ref-type="ref"} Here we show that genetically encodable photoreactive unnatural amino acids can be used for enhanced site‐selective RNA‐protein photo‐crosslinking. This approach is provisioned to be beneficial over conventional 254 nm UV crosslinking for the following reasons: 1) Excitation with longer wavelengths will decrease undesirable side‐reactions and 2) designed photo‐crosslinking groups are expected to generate larger amounts of photo‐crosslinking products relative to UV‐activated natural nucleobases. We chose two diazirine‐based pyrrolysine analogues and focused on the iron regulatory protein 1 (IRP1) as a model RNA‐binding protein. We studied the effect of the unnatural amino acid mutagenesis on its RNA‐binding properties and then performed side‐by‐side comparison of the efficiency of diazirine‐mediated crosslinking relative to conventional 254 nm UV crosslinking.

Over a dozen photoreactive unnatural amino acids have been described in the literature, bearing a relatively small number of photo‐crosslinking chemical moieties.[12b](#cbic201900559-bib-0012b){ref-type="ref"}, [13](#cbic201900559-bib-0013){ref-type="ref"} Those include aliphatic and aromatic diazirines, benzophenones and several other photochemically active scaffolds. For this study, we decided to focus on alkyl diazirine‐based crosslinkers because of their small molecular size, the favorable photoactivation kinetics and the versatility of the carbene‐mediated crosslinking chemistry.[15](#cbic201900559-bib-0015){ref-type="ref"} We selected two diazirine‐based analogues of pyrrolysine (Figure [1](#cbic201900559-fig-0001){ref-type="fig"} A) based on our own previous work and on literature reports.[16](#cbic201900559-bib-0016){ref-type="ref"}, [17](#cbic201900559-bib-0017){ref-type="ref"} The unnatural amino acid DiAzKs is a pyrrolysine analogue bearing an alkyl diazirine reactive group attached via a short flexible C2 linker. This unnatural amino acid has been shown to be proficient in protein‐protein crosslinking.[16](#cbic201900559-bib-0016){ref-type="ref"} The second selected unnatural amino acid called PrDiAzK is a pyrrolysine analogue featuring a combination of the same photoreactive diazirine group with a reactive propargyl handle which is amenable to derivatization using the Cu‐catalyzed azide--alkyne cycloaddition. This amino acid has been shown to crosslink interacting proteins, whereas the reactive handle might be useful for the derivatization of labeled proteins and crosslinked complexes with a fluorophore or for affinity tagging followed by purification and analysis of the conjugates.[17](#cbic201900559-bib-0017){ref-type="ref"} We previously demonstrated that both amino acids are readily genetically encodable using the double AF mutant of pyrrolysine aminoacyl‐tRNA synthetase from archaea *Methanosarcina mazei* (*Mm*PylRS^AF^).[17](#cbic201900559-bib-0017){ref-type="ref"} A state‐of‐the‐art genetic code expansion system based on the expression of the Y39 amber mutant of green fluorescent protein (GFP) as a reporter in bacteria *Escherichia coli* BL21‐AI[18](#cbic201900559-bib-0018){ref-type="ref"} was used for these experiments. The full‐length GFP was isolated only when an additional unnatural amino acid was added to the growth medium (Figure [1](#cbic201900559-fig-0001){ref-type="fig"} B, lanes 2--4). Notably, the yield of the recombinant GFP was higher in the case of the selected diazirine‐based unnatural amino acids than with N~*ϵ*~‐Boc‐[l]{.smallcaps}‐lysine (BocK, Figure S1 in the Supporting Information), a widely used reference unnatural amino acid. Next, we confirmed that the propargyl group of the unnatural amino acid PrDiAzK can be derivatized using Cu^I^‐catalyzed click chemistry (Figure [1](#cbic201900559-fig-0001){ref-type="fig"} C). When purified recombinant uAA mutants of GFP were incubated with fluorescent 5‐carboxytetramethylrhodamine‐PEG~3~‐azide (TAMRA‐N~3~, Figure S1) in the presence or in the absence of Cu^I^ catalyst, the formation of fluorophore‐protein conjugate was observed only for the PrDiAzK mutant and only in the presence of the catalyst (Figure [1](#cbic201900559-fig-0001){ref-type="fig"} C, lane 6).

![A) Chemical structures of the diazirine‐based photo‐crosslinkable unnatural amino acids used in this study. B) Bacterial expression and affinity purification of the Y39 amber mutant of green fluorescent protein upon amber codon suppression; SDS‐PAGE, Coomassie staining. C) The click‐labeling of the uAA‐labeled recombinant GFP using the Cu^I^‐catalyzed azide--alkyne cycloaddition; SDS‐PAGE, in‐gel fluorescence (*λ* ~ex~=532 nm) and Coomassie staining.](CBIC-21-88-g001){#cbic201900559-fig-0001}

Next, we studied the impact of unnatural amino acid incorporation on the RNA‐binding properties of a canonical RNA‐binding protein. We focused on the human iron regulatory protein 1 (IRP1), also known as cytosolic aconitase (ACO1), a key factor involved in the regulation of intracellular iron homeostasis.[19](#cbic201900559-bib-0019){ref-type="ref"} IRP1 is a 100 kDa multidomain cytosolic protein which binds to an RNA motif called the iron responsive element (IRE), a conserved ≈30‐nucleotide stem--loop structure found in the untranslated regions (UTRs) of transcripts of genes encoding key proteins in iron metabolism. We inspected the available crystal structure of an IRP1--IRE complex ^\[20\]^ (PDB ID: <https://www.rcsb.org/structure/3SNP>) and selected two amino acid residues in close proximity to the bound RNA molecule, potentially suitable for the incorporation of the diazirine crosslinker amino acids. These amino acids were Arg536 and Ala687 making nonspecific contacts to the sugar‐phosphate backbone (Figure [2](#cbic201900559-fig-0002){ref-type="fig"} A). We performed additional analysis to assess the suitability of the selected positions for the incorporation of the photo‐crosslinkers. In a recent study, Kohli and co‐workers reported ^\[21\]^ that factors such as conservation, hydrophobicity, or accessibility cannot be used as predictors of the tolerability of proteins toward the unnatural amino acid mutagenesis. At the same time, the overall position of the incorporated unnatural amino acid within the secondary and tertiary protein fold was shown to be highly relevant. Despite the fact that positions which we selected are conserved in vertebrates (A687) or in vertebrates and invertebrates (R536), they lie outside of the local folded secondary structure elements and are located within unfolded loops (Figure [2](#cbic201900559-fig-0002){ref-type="fig"} B). We speculated that they therefore are less likely to destabilize overall protein folding and stability. Because both flexible loops form several protein--RNA contacts with the IRE RNA (Figure [2](#cbic201900559-fig-0002){ref-type="fig"} B), multiple crosslinking‐favorable molecular contacts of the photoactivated diazirine amino acids with the RNA can be anticipated for both the R536 and A687 mutants.

![A) The structure of iron‐regulating protein 1 (IRP1) bound to an iron‐responsive element (IRE) of ferritin H; PDB ID: <https://www.rcsb.org/structure/3SNP>. Amino acid positions R536 and A687 selected for the insertion of the diazirine photo‐crosslinkers are highlighted in red and blue, respectively; the insets show the contacts of R536 and A687 to the RNA backbone. B) Partial sequence alignment of the human (*Homo sapiens*, *Hs*) IRP1 with its homologues in other species. *Ms*=*Mus musculus*, *Rn*=*Rattus norvegicus*, *Bt*=*Bos taurus*, *Xt*=*Xenopus tropicalis*, *Ce*=*Caenorhabditis elegans*. The rectangles and the line below the sequences correspond to the structured and unstructured elements in the human IRP1 according to PDB ID: <https://www.rcsb.org/structure/3SNP>; the protein--RNA contacts present in that structure are mapped by dotted lines. C) Bacterial expression and affinity purification of the wild‐type and uAA mutants of the human IRP1.](CBIC-21-88-g002){#cbic201900559-fig-0002}

To test RNA‐binding properties of the selected uAA mutants of IRP1, we first expressed human recombinant wild‐type IRP1 in bacteria and purified it using an N‐terminal polyhistidine affinity tag according to the literature procedure[22](#cbic201900559-bib-0022){ref-type="ref"} with several modifications. We found that the bacterial strain *E. coli* NiCo21(DE3) engineered for the facile purification of polyhistidine‐tagged proteins[23](#cbic201900559-bib-0023){ref-type="ref"} is a convenient host for the production and purification of the recombinant IRP1. The amber mutant plasmids having an in‐frame amber stop codon (TAG) at amino acid positions 536 and 687 were also generated by site‐directed mutagenesis for the expression of the unnatural amino acid mutants of IRP1. Full‐length IRP1 was expressed in bacteria carrying an amber mutant IRP1 plasmid and the amber suppression plasmid with the *Mm*PylRS^AF^ synthetase only when one of the diazirine unnatural amino acids was added to the growth media (Figure [2](#cbic201900559-fig-0002){ref-type="fig"} C), thereby giving access to recombinant IRP1 bearing a site‐selectively incorporated photo‐crosslinker.

Next, we investigated whether the unnatural amino acid‐bearing mutants of IRP1 bind to RNA. We performed an electrophoretic mobility shift assay (EMSA). Increasing amounts of recombinant IRP1 were added to a radioactively labeled RNA probe corresponding to the IRE from the 5′‐UTR of the human ferritin heavy chain mRNA (FTH‐IRE). The IRP1--IRE complex was separated from the free probe by native gel electrophoresis. We found that the unnatural amino acid mutants of IRP1 interact with the FTH‐IRE similarly to the wild‐type IRP1 as shown in Figure [3](#cbic201900559-fig-0003){ref-type="fig"} A for the A687DiAzKs mutant. For quantification, we measured *K* ~d~ values of IRP1--IRE binding for the wild‐type protein and for the four unnatural amino acid mutants. An IRP1 mutant reported to have significantly decreased RNA binding (R780Q) was used as a negative control.[24](#cbic201900559-bib-0024){ref-type="ref"} Using the EMSA assay, a *K* ~d~ value of 18±5 n[m]{.smallcaps} for the wild‐type IRP1 expressed in bacteria was obtained, which is close to the value reported previously for the recombinant IRP1 expressed in yeast (12--14 n[m]{.smallcaps}).[25](#cbic201900559-bib-0025){ref-type="ref"} The negative control R780Q mutant bound to the same RNA probe weaker (Figure S2), with the observed *K* ~d~ value being about 20‐fold higher than the wild‐type protein, in line with literature data.[24](#cbic201900559-bib-0024){ref-type="ref"} More importantly, we observed no increase in *K* ~d~ for the four studied unnatural amino acid mutants of IPR1. Particularly, the *K* ~d~ value obtained for the R536DiAzKs mutant was about fourfold lower than the wild‐type protein, whereas the *K* ~d~ values obtained for R536PrDiAzK and both A687 mutants were nearly the same as for the wild‐type protein. Altogether, these results indicate that the selected diazirine‐based amino acids can be incorporated into an RNA‐binding protein without affecting its ability to bind RNA.

![A) Electrophoretic mobility shift assay (EMSA) shows that both the wild‐type and uAA‐labeled IRP1 bind to the ferritin heavy chain IRE (FTH‐IRE) RNA; native PAGE, radioautography. B) *K* ~d~ values obtained from the EMSA assay for the wild‐type IRP1, the R780Q mutant (a negative control having decreased RNA binding) and for the studied unnatural amino acid mutants of IRP1; \* *p*\<0.05, \*\* *p*\<0.01, n.s.: not significant.](CBIC-21-88-g003){#cbic201900559-fig-0003}

Binding specificity, or in other words the ability of RNA‐binding proteins to discriminate between alternative binding sites in RNAs, is an important aspect of RNA‐protein recognition.[26](#cbic201900559-bib-0026){ref-type="ref"} The IRP1 is known to bind to a range of IRE variants differing in the stem region, whereas a single nucleotide deletion within the highly conserved terminal loop region has been shown to destabilize binding and to induce a loss of function.[27](#cbic201900559-bib-0027){ref-type="ref"} We examined whether the insertion of the diazirine‐based amino acid affects the ability of the IRP1 to discriminate between correct and defective IRE RNA variants. A defective FTH‐IRE RNA probe lacking the key cytidine residue[27](#cbic201900559-bib-0027){ref-type="ref"} required for the IRP1 binding (Figure [4](#cbic201900559-fig-0004){ref-type="fig"} A and Table S1) was used and referred to as IRE‐ΔC. The mobility shift assay was performed at equal concentrations of IRE‐wt and IRE‐ΔC and equal concentrations of five IRP1 proteins (wild‐type with the four uAA mutants). As shown in Figure [4](#cbic201900559-fig-0004){ref-type="fig"} B, the wild‐type IRP1 binds to the IRE‐ΔC probe weaker than to the wild‐type IRE, resulting in a ≈fivefold increase of the fraction of unbound RNA (lane 8 compared with lane 2). At the same time, the differential binding to the IREs was affected for the four diazirine‐bearing mutants to different extents (lanes 9--12 compared with lanes 3--6). Quantification (Figure [4](#cbic201900559-fig-0004){ref-type="fig"} C) showed that only the R536DiAzKs mutant exhibited significantly lower binding specificity than the wild‐type protein, whereas for the other three protein the decrease in binding specificity was insignificant. Altogether, this experiment demonstrates that the diazirine‐based photo‐crosslinkers can be incorporated into RNA‐binding proteins without significantly affecting the ability of RBPs to discriminate between two closely related RNA sequences.

![Binding specificity. A) The structure of the ferritin heavy chain IRE; arrow points the cytidine residue essential for the IRP1 binding. B) EMSA gel showing binding of the wild‐type and the unnatural amino acid mutants of IRP1 to the wild‐type and the ΔC ferritin heavy chain IRE (protein concentration was 50 n[m]{.smallcaps} in lanes 2--6 and 8--12); native PAGE, radioautography. C) The specificity of binding of the studied mutants measured as \[fraction unbound (IRE‐ΔC)\]/\[fraction unbound (wt‐IRE)\]. \* *p*\<0.05, n.s.: not significant.](CBIC-21-88-g004){#cbic201900559-fig-0004}

Finally, we performed side‐by‐side comparison of conventional 254 nm UV photo‐crosslinking and the diazirine‐mediated photo‐crosslinking using a set of commercially available UV light sources. For the conventional crosslinking, a photo‐crosslinker equipped with a low pressure 254 nm mercury UV lamp with an irradiation output of ≈0.22 J cm^−2^ min^−1^ was used. The diazirine‐mediated crosslinking was performed using a broad‐spectrum 1 kW mercury/xenon lamp equipped with a 345 nm cutoff filter (see Table S2 for t details). When the complex of wild‐type IRP1 and FTH‐IRE was irradiated with 254 nm UV light at a dosage similar to those used in RIC or CLIP protocols[28](#cbic201900559-bib-0028){ref-type="ref"} (irradiation time 1.2 min; ≈0.25 J cm^−2^), the formation of the crosslinked product (\>100 kDa) in combination with a fragmentation product (\<70 kDa) was observed using denaturing SDS‐PAGE (Figure [5](#cbic201900559-fig-0005){ref-type="fig"} A, lane 4). When the same wild‐type IRP1--IRE complex was irradiated with longer‐wavelength 345 nm UV light, no crosslinking product was observed, as expected (lane 8). A striking difference was observed for the DiAzKs mutants of IRP1, where the formation of the single crosslinking product was evident upon irradiation with 345 nm UV light for 1 min (lanes 10 and 12). Notably, the yield of the crosslinked product was visibly higher for the IRP1(A687DiAzKs) mutant compared with the wild‐type protein upon conventional crosslinking. To our surprise, no crosslinking product was observed for the PrDiAzK mutants (lanes 14 and 16), despite the very minor difference of one methylene (‐CH~2~‐) group in the distance from the crosslinking group to the protein backbone. Potentially, the additional propargyl group of the PrDiAzK makes the contact between the active carbene intermediate and the RNA less efficient by introducing steric clashes. The quantification of crosslinked products that can be obtained with the different crosslinking techniques (Figure [5](#cbic201900559-fig-0005){ref-type="fig"} B) shows that the conventional crosslinking yields less than 1 % of the RNA crosslinked and this amount did not increase significantly upon a tenfold increase of applied energy (≈2.5 J cm^−2^, 11.8 min of irradiation). At the same time, the combination of the \>345 nm UV light and A687DiAzKs mutant resulted in an approximately sevenfold higher yield of the crosslinked RNA. Additional time‐course measurements showed that the irradiation time of 1 minute is sufficient to achieve the maximal amount of photo‐crosslinking product (Figure S3), and prolonged irradiation gave no further benefits. We also tested the compatibility of the diazirine‐mediated RNA‐protein photo‐crosslinking with a commercially available UV photo‐crosslinker equipped with 365 nm mercury bulbs (Table S2), the instruments which are widespread in RNA laboratories due to the applications in the PAR‐CLIP protocol. A time‐course measurement indicated that the diazirine‐mediated crosslinking can be performed using this light source (Figure S4 A), although the crosslinking kinetics was much slower compared with the mercury/xenon lamp, with a reaction half‐life of about 8 minutes (Figure S4 B).

![A) Denaturing mobility shift gels showing the UV‐dependent formation of covalently crosslinked RNA--protein complexes; SDS‐PAGE, radioautography. B) The effect of crosslinking time and UV type on the yield of crosslinking products. \* *p*\<0.05, n.d.: not detectable.](CBIC-21-88-g005){#cbic201900559-fig-0005}

In this study, we show that artificial diazirine‐based amino acids can be successfully applied for enhanced RNA--protein photo‐crosslinking. If the labeling position is rationally selected, the insertion of the unnatural amino acid residue does not affect the binding affinity nor the specificity of the labeled RBP. A combination of the unnatural amino acid DiAzKs as a photoreactive label and appropriate light source gives an increase in the yield of the crosslinked product, which might help to overcome limitations of conventional 254 nm UV photo‐crosslinking. This is particularly important in studies of lowly abundant RBPs and RNAs. Moreover, we envision that the described diazirine‐mediated crosslinking could be performed in living cells and then integrated into the experimental pipeline of the CLIP methods,[5](#cbic201900559-bib-0005){ref-type="ref"} where immunoprecipitation of a DiAzKs‐labeled RBP of interest followed by RNA sequencing could be used for enhanced detection of RNA‐protein contacts taking place in living cells. Finally, because the amber stop codon suppression techniques are developing rapidly and are becoming available in the growing number of model organisms and systems, the described technique could potentially be applied for RNA--protein photo‐crosslinking in an organismal context.
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